We propose a scheme for recovering quantum states from a single observable, corresponding to a single setup, by adding a known ancilla state, introducing mixing between degrees of freedom, and utilizing structure in the states. The fields of quantum information and quantum computation have been attracting considerable interest in recent years, shedding light on questions at the heart of quantum mechanics, as well as advancing fields such as complexity theory, cryptography, key distribution, and chemistry. These fundamental and applied aspects of quantum information rely on one crucial issue: the ability to characterize the quantum state from measurements. To recover the quantum state from measurements, Quantum State Tomography (QST) is performed. However, QST is resource consuming, requiring a large number of measurements in multiple bases, derived from physical observables and corresponding to different experimental setups. For example, a system of dimension requires 2 − 1 distinct measurements. Each observable yields at most outcomes. Therefore, observables are needed, often corresponding to different experimental setups. Naturally, changing the setup results in unwanted changes to the data. In addition, it prolongs the measurement and hurts the integrity of the assumptions about the noise. Here, we propose recovering the quantum state using a single observable, often corresponding to a single experimental setup. Clearly, as a single observable of dimension can yield at most different measurement outcomes, relying on a single observable implies that information will be missing. We overcome this by relying on concepts inspired by Compressed Sensing (CS) [1-3], namely using structure in the sought state. CS was first brought into the quantum realm in the context of reducing the number of measurements in QST [4, 5] . Here, we draw upon ideas from CS, namely, having structure in the signal [3] . The structure assumption means that the sought quantum state can be described compactly in some basis, that is, it has a sparse representation. In the case of a quantum state, its description is given by the density matrix, a positive semidefinite, trace normalized matrix. The sparse representation amounts to having a low rank density matrix, which is almost always the case in quantum information (because most applications of quantum computing rely on mapping a set of pure states to other pure states). Additionally, we increase the system dimension by adding a known ancilla to obtain more measurements, and introduce mixing between the degrees of freedom to maximize the benefit of each measurement. The dimensional increase is kept to a minimum by the sparsity of the state. We further use this concept to recover a multi-photon state without number-resolving detectors. To perform tomography, one is required to repeatedly measure the state using different physical observables. By choosing a correct and full set of observables, called tomographically complete, the relation between the measurement outcomes and the quantum state can be inverted, yielding the density matrix. From an experimental point of view, each observable corresponds to a different setup, for example a different set of waveplates and beam-splitters ( Fig.  1(a) ). Changing the setup, for example by rotating a waveplate, prolongs the measurement process and undermines the stationarity of the noise. Instead, we devise a method to recover the quantum state from a single observable. Consider a system of photons in ports. The density matrix of such a system is a complex, positive semidefinite matrix of dimension = ( −1+ ). The different observables correspond to varying couplings between the ports ( Fig.   1(a) ), followed by projective measurements of -fold correlations. To extract more measurements with a single observable, we add vacuum ports at the input ( Fig. 1(b) ), realizing an ancilla state |0⟩ . This addition increases the dimension of the system to = ( + −1+ ), thus an observable has > measurement outcomes. We stress that the dimensional increase, and hence the number of measurements required for state recovery with a single observable, is kept to a minimum by utilizing the sparsity in the state, and is far less than the number required for full QST. To maximize the contribution of each measurement, the mixing between the degrees of freedom is accomplished by a random, linear coupler ( Fig. 1(c) ), which can be realized by beam-splitters [6] or by integrated photonics [7] . We use this scheme to gain further benefit, by recovering the quantum state without number resolving detectors, which are limited in their properties, hardly available and exhibit poor performance. Instead of using photon number resolving detectors, which are needed for recovering the quantum state of photons, we propose using only the -
The fields of quantum information and quantum computation have been attracting considerable interest in recent years, shedding light on questions at the heart of quantum mechanics, as well as advancing fields such as complexity theory, cryptography, key distribution, and chemistry. These fundamental and applied aspects of quantum information rely on one crucial issue: the ability to characterize the quantum state from measurements. To recover the quantum state from measurements, Quantum State Tomography (QST) is performed. However, QST is resource consuming, requiring a large number of measurements in multiple bases, derived from physical observables and corresponding to different experimental setups. For example, a system of dimension requires 2 − 1 distinct measurements. Each observable yields at most outcomes. Therefore, observables are needed, often corresponding to different experimental setups. Naturally, changing the setup results in unwanted changes to the data. In addition, it prolongs the measurement and hurts the integrity of the assumptions about the noise. Here, we propose recovering the quantum state using a single observable, often corresponding to a single experimental setup. Clearly, as a single observable of dimension can yield at most different measurement outcomes, relying on a single observable implies that information will be missing. We overcome this by relying on concepts inspired by Compressed Sensing (CS) [1] [2] [3] , namely using structure in the sought state. CS was first brought into the quantum realm in the context of reducing the number of measurements in QST [4, 5] . Here, we draw upon ideas from CS, namely, having structure in the signal [3] . The structure assumption means that the sought quantum state can be described compactly in some basis, that is, it has a sparse representation. In the case of a quantum state, its description is given by the density matrix, a positive semidefinite, trace normalized matrix. The sparse representation amounts to having a low rank density matrix, which is almost always the case in quantum information (because most applications of quantum computing rely on mapping a set of pure states to other pure states). Additionally, we increase the system dimension by adding a known ancilla to obtain more measurements, and introduce mixing between the degrees of freedom to maximize the benefit of each measurement. The dimensional increase is kept to a minimum by the sparsity of the state. We further use this concept to recover a multi-photon state without number-resolving detectors. To perform tomography, one is required to repeatedly measure the state using different physical observables. By choosing a correct and full set of observables, called tomographically complete, the relation between the measurement outcomes and the quantum state can be inverted, yielding the density matrix. From an experimental point of view, each observable corresponds to a different setup, for example a different set of waveplates and beam-splitters ( Fig.  1(a) ). Changing the setup, for example by rotating a waveplate, prolongs the measurement process and undermines the stationarity of the noise. Instead, we devise a method to recover the quantum state from a single observable. Consider a system of photons in ports. The density matrix of such a system is a complex, positive semidefinite matrix of dimension = ( −1+ ). The different observables correspond to varying couplings between the ports ( Fig.   1(a) ), followed by projective measurements of -fold correlations. To extract more measurements with a single observable, we add vacuum ports at the input ( Fig. 1(b) ), realizing an ancilla state |0⟩ . This addition increases the dimension of the system to = ( + −1+ ), thus an observable has > measurement outcomes. We stress that the dimensional increase, and hence the number of measurements required for state recovery with a single observable, is kept to a minimum by utilizing the sparsity in the state, and is far less than the number required for full QST. To maximize the contribution of each measurement, the mixing between the degrees of freedom is accomplished by a random, linear coupler ( Fig. 1(c) ), which can be realized by beam-splitters [6] or by integrated photonics [7] . We use this scheme to gain further benefit, by recovering the quantum state without number resolving detectors, which are limited in their properties, hardly available and exhibit poor performance. Instead of using photon number resolving detectors, which are needed for recovering the quantum state of photons, we propose using only the -fold events with different detectors. In these events, detecting a photon and counting it are the same. Of course, these measurements do not contain all the information on the state. By employing our approach, we can overcome this deficit and recover the quantum state. ). Here, is the Unitary evolution induced in the 3-photons space by the coupler . Next, noise is added to the measurements, and we try to recover the state at the input from the measurements of the single observable. In Fig. 1(d) , the mean fidelity ℱ( , ) = Tr√ 1/2 1/2 is plotted versus the rank of the density matrix for = 3, = 6, where is the original and is the recovered. As seen in the figure, we can recover low-rank states with high fidelity, in a noisy scenario, with only 0.56 of the measurements. In Fig. 1(e) , we show the fidelity for = 4, = 9. Here, the low rank states are recovered with high fidelity from only 0.41 of the measurements required for QST. A recovery example without number resolving detectors is shown in Fig. 1(f) . The recovered and original states agree very well, and have fidelity of 0.96. The recovery is performed by solving iteratively the optimization problem min Tr ( −1 + ) −1 s.t.
≥ 0, Tr( ) = 1, ‖y − Tr ‖ 2 ≤ , which promotes lowrank solutions [8] with the same constraints, where is the operator corresponding to the single observable. In summary, we propose a scheme for recovering the full description of a quantum state, namely the density matrix, from measurements of a single observable. This is done by adding an ancilla, introducing mixing between the degrees of freedom, and utilizing structure in the state. We demonstrate our method in a system of 3 photons, and show that indeed we can recover the state from a single observable, in a single setup. The recovery fidelity is very high even with ranks as high as 2 (for = 20), in the presence of 25 dB noise, with 0.41 of the measurements required for QST. We further utilize this scheme to recover the state without number resolving detectors.
